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PREFACE 



In the last decade the use of magnetic amplifiers has increased 
considerably, and many techniques have been used to improve their per- 
formance. This thesis investigates the effects of high frequency 
excitation superposed on the core of a magnetic amplifier in an attempt 
to improve its control characteristics. 

This work was undertaken during the period October 1953 to June 1954 
at the U.S. Naval Postgraduate School, Monterey, California. It was per- 
formed under the guidance of Dr. A. E. Vivell and the timely suggestion 
of Dr. R. C. H. Wheeler, both of the Department of Electrical Engineering. 
Assistance was also rendered by Kr. L. L. Jackson, a fellow student. 
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CHAPTER I 



INTRODUCTION 

The performance of a magnetic amplifier is directly related to the 

shape of the B-H curve of the core material.* Altering the shape of this 

curve will result in changes in the control characteristic of the magnetic 

amplifier. If some form of agitation is applied to a magnetic material 

3 

its retentiveness tends to be destroyed. G. G. Gerosa and G. Finzi 
applied an alternating current to a piece of soft iron and reduced con- 
siderably the width of the static B-H loop. Similar work was done by 

4 

Niwa and Asarai in 1923. Their work was reported by Spooner 

If an alternating field is applied to a magnetic core, and then an 
attempt made to obtain a magnetization curve by means of a permeameter 
or some ballistic method, it will be found that for moderate induc- 
tions and alternating magnetizing forces the apparent permeability 
will be increased. 

Boyajian and Camelli^ extended this work by superposing on a core excited 
by an alternating current source, a higher frequency excitation by means 
of an additional winding. By this method they effectively reduced the 
width of the 'dynamic B-H loop with marked improvements in the characteris- 

A 

tics of a current transformer. 

It would be reasonable to assume that reducing the width of the B-H 
loop of the core material of a magnetic amplifier, the slope of the control 
characteristic, the rate of change of the load current with respect to the 
control current f d Vi c ) , would increase and hence the amplification 
would increase. Fortunately a timely paper by H.F. Storm'’ showed indeed 

*For a complete discussion see Reference (2) . 
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that the slope of the control characteristics of a magnetic amplifier is 
inversely proportional to the coercive force, H c , of the dynamic B-H loop. 

This thesis investigates the effects on the control characteristics 
of a magnetic amplifier of a higher frequency superposed on the core. Two 
approaches will be made. 

Chapter II will cover the effect of superposing a higher alternating 
flux on the core of a magnetic amplifier to agitate the elementary mag- 
netic particles so that they will orient themselves more readily. 

Chapter III will cover the effect of supplanting the harmonics of the 
magnetisation current by means of an additional winding and thus reduce 
the magnetization current flowing in the main winding. A decrease of the 
magnetization current would decrease the width of the apparent dynamic B-H 
loop as seen from the main winding and hence improve the magnetic amplifier 
characteristics . 

The magnetic simplifier used is a Vickers Bulletin 2001 whose specifica- 
tions are given in Table I. 
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CHAPTER II 



EFFECT OF AGITATION 



1. Introduction. 

This chapter investigates the agitation effects on the core of a mag- 
netic amplifier by means of a superposed higher frequency current. 

2. Theory. 

Figure 1, "Magnetization Curves Under Superposed Alternating Fields", 
shows a portion of the work of Niwa and Asami as reported by Spooner^. 

It is seen that the apparent maximum permeability reaches a maximum as 
the alternating flux increases, and then decreases. In applying this 
to the core of the magnetic amplifier, two assumptions are made. It is 
realized the core used to derive the curves in Figure 1 do not have the 
same magnetic properties as the core of the magnetic amplifier used. 
However, it is assumed that a similar set of curves could be obtained 
for the amplifier core. Secondly, the shape of the dynamic B-H loop 
will be assumed by extrapolating, the magnetization curves of Figure 1. 

The firsC assumption nay be justified because the curves in Figure 1 
are for a silicon steel core, a "stiff" magnetic material similar to mag- 
netic amplifier cores. The second assumption is justified by another por- 
tion of the work done by Niwa and Asami as reported by Spooner^. Figure 2 
shows the apparent effect on the static B-ll loop of superposed alternating 
flux. Boyajian and Camille^ found that these effects were applicable to 
dynamic as well as static B-H loops. 

Directing our attention to the curve labeled R = 2 in Figure 1, it 
will be shown that this curve is the optimum for magnetic amplifier 
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operation in two respects. First, its initial slope is steeper than for 
the curve with no alternating flux applied, E^= 0. If the previous as- 



sumptions are correct, this would indicate that the coercive force, H c , 



be less. Secondly, in the saturation region of the selected curve, EL^ 2, 
the slope is flatter than for the B m = 0 curve. A magnetic amplifier that 
has a B-H loop that is flatter in the saturation region would have a smaller 



would allow a larger voltage drop and hence more power to be transferred 
to the load. 

3. Procedure. 

Characteristic curves have been taken for various values of alternat- 



ing flux density superposed on the magnetic amplifier core. The current 
through the winding supplying the alternating flux was used as an indica- 
tion of the magnitude of the alternating flux. This superposed current is 
denoted by I x or excitation current. Current was used as a yardstick as 
magnetic amplifiers are generally considered to be a current device. 

The basic Gircuit used is shown in Figure 3. The two cores were con- 
nected in parallel giving an alternating current output commonly known 
as a "doubler”. The bias ^current was applied to the fT A" winding and the 
control current was applied to the "C” winding in the usual way. The mmfs 
(magnetomotive forces) in the bias windings oppose the ramfs in the main 
windings. Ml - M2 and M2 - K3, and are negative. The mmfs in the control 
winding are in the same direction as the mmfs in the main windings hence 
are positive and tend to drive the respective cores into saturation. The 
"3” winding was used to provide the high frequency excitation (agitation). 



of a dynamic B-H loop for this value of applied alternating flux would 



voltage drop across the reactor in this region as 




This 
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FIGURE 3 
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It should be noted that the direction o' 1 current flow in the two separate 
coils oppose each other, that is, the directions of the high frequency 
alternating currents are such that the over all mnfs cancel. Thus none 
of the mmfs in this excitation winding effect the control of the magnetic 
amplifier cores. An 1 0 ohm resistor was placed in series with the excita- 
tion winding to reduce induced currents. Various magnitudes of 3S5 cycle 
current were applied to the ?, 3” or excitation winding and the control 
characteristics, 1^ vs. Iq (or Ampere ,f, ums) were recorded. 1^ is the RMS 
value of the load current in amperes and 1^ is the control current in mil- 
liamperes. For plotting purposes the control current was converted to 
omf or Ampere Turns (A.T.). 

4. Results. 

The value of excitation current that gave the control characteristic 
with the greatest slope was found to be 20 ma. Figure 4 shows the control 
characteristic curve for this optimum value as compared with the control 
characteristic for zero excitation. Control characteristics for greater 
values of excitation current are also shown. The data for these curves 
is recorded in*Table II. 

These curves' substantiate the preferred theory. The increase in the 

.'-K 

slope of the control characteristic for the optimum excitation was not 
narhed however. This may be attributed to the difference in properties 
of the two core materials. The core of the magnetic amplifier may be 
"stiffer" and hence less susceptible to agitation than the core material 
used by Hiwa and Asaml in deriving their curves. Secondly, the control 
characteristics are not a direct measurement of this phenomena but are 
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an indirect effect 



The effects at higher values of superposed alternating current are 
more readily apparent. Noting Figure 1 it will be seen that for large 
values of E^, the superposed flux, the magnetic material saturates sooner. 
For magnetic amplifier operation this means that fewer Ampere Turns or 
less control current would be required for a given load current. This is 
apparent in Figure 4. Again noting Figure 1, a B-H loop associated with 

a magnetization curve that has a large value of B m would necessarily 

5 

have a large coercive force, H c . According to Storm * this would decrease 
the amplification. This if also apparent in Figure 4> 



•*See introduction. 
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CHAPTER III 



EFFECT OF SUPPLANTING HARMONICS 



1. Introduction. 

In this chapter a method is given whereby the harmonics of the mag- 
netization current normally supplied by the main winding are supplied 
by an additional winding. Henceforth this winding is called the excita- 
tion winding and the current through this winding is, as before, denoted 
by I x . 

In supplying the harmonics of the magnetizing current by this separate 
excitation winding, the apparent B-H loop as seen from the main winding 
is decreased because the magnitude of the magnetizing current is de- 
creased. If this is accomplished, then the coercive force, H c , is re- 
duced and the amplification increased. 

2. Procedure. 

The identical circuit used in chapter II was utilized. In order to 
supply the harmonics, the currents in the excitation winding "B” must 
correspond in phase and polarity with the main winding. The convention 

•m, 

used is that current flows with the arrows in the rectifier symbol. To 
check phase, assume that 60 cycle voltage is applied to the main winding 
and the 3rd harmonic is applied on the excitation winding. Also assume 
that when the 60 cycle voltage is starting a positive cycle the ISO cycle 
(excitation winding) is also starting a positive cycle (Figure 3)» Then 
current flows from Ml to M2* in the main winding and from B5 to B4 in the 
excitation winding. On the next half or negative cycle of the 60 cycle, 
current starts to flow from M2 to M3 in the main winding and the current 
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in the excitation winding is just starting a negative cycle or flowing 
from B3 to B2. Thus the phase relation between the two frequencies is 
maintained when the rectifiers commutate. 

The power for both the 60 cycle supply and the harmonics for the 
excitation winding was supplied by a harmonic generator set. This device 
consisted of a D.C. motor driving a row of synchronous generators con- 
nected in tandem by a common shaft. When the fundamental synchronous 
generator is at its synchronous speed and producing 60 cycle power, the 
others would be producing lfO cycle, 300 cycle, etc. By means of the 
coupling arrangement it was possible to rotate the shaft of any harmonic 
generator with respect to the fundamental to obtain a desired phase shift. 
To replace the 3rd harmonic component of the magnetization current in the 
main winding by a corresponding current in the excitation winding, the 
magnitude, frequency and phase of the current in the excitation winding 
would necessarily have to be similar to the 3rd harmonic component in 
the main winding. The 60 cycle supply was fed directly from the syn- 
chronous generator to the windings of the magnetic amplifier and the 
voltage was regdiated by manually adjusting the field rheostat of the 

rife 

generator. The direct current for the control and bias winding was sup- 
plied by batteries and ad jiB ted by using a potential divider. Batteries 

were necessary in order to provide a steady, smooth current. The current 

« 

to the excitation winding was controlled by a potential divider. An £0 
ohm resistor was placed in series with this winding to reduce any in- 
duced currents. 

The technique used was to measure the harmonics of the magnetiza- 
tion current in the main winding, and then apply a corresponding number 
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of ampere turns at the harmonic frequency to the excitation winding. 

Then change the relative phase angle, 0 , between the fundamental and the 
harmonic. (The phase angle or phase lead was measured from the point where 
the fundamental sine wave goes positive crossing the zero axis to the point 
where the harmonic sine wave goes positive crossing the zero axis, in de- 
grees in terms of the harmonic sine wave.) 

The two cores were connected in series and CO volts placed across the 
terminals (Figure 5). The magnetizing current was determined by measuring 
the voltage drop across a 490 ohm resistor placed in series with the two 
cores. The values of the fundamental and it 3 harmonics were measured by a 
wave analizer and are recorded in Table III. By voltage measurements it was 
determined that there were approximately 550 turns in the main winding of a 
single core. To find the necessary A.T. of 3rd harmonic to apply to the ex- 
citation winding — 

A/x = A//vj (-3 ^)~ C J.'X niQ ~ Tfn&tUL 

Nr*, - S5~0 Tigris 

/V< -3f I 



However, in order to preclude the effect noted in Chapter II, a decrease in 
the slope of the control characteristic curve for high values of superposed 
alternating flux, it was decided to apply only 60 raa. of ICO cycle current 
to the excitation winding. Later, the optimum magnitude of excitation cur- 
rent for the greatest gain was found experimentally. 
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CIRCUIT FOR MEASURING MAGNETIZATION CURRENT 



FIGURE 5 
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3. Results. 

Control characteristics were taken at various phase angles with 60 rna. 
of lt'O cycle current. The data is shown in Table IV and plotted in Fig- 
ures 7(a), (b), (c), and (d). Table IV also shows the data and Figure 6 
the plot of the coni rol characteristic for zero excitation. At this stage 
of the investigation the only interest was in the slope of the control charac- 
teristics and therefore only da. -a in the linear region was recorded. These 
slopes were measured and also rocorded in Table IV. A plot of the slope of 
the control c- aracteristics vs. phase angle was made (Figure 8). The dashed 
line in Figure 8 shows the value of the slope of the control characteristic 
for zero excitation. To determine the optimum phase angle, smaller incre- 
ments of phase angle in the region of maximum gain were taken. This data is 
recorded in Table V and plotted in Figure 9. From Figure 9 the phase angle 
of the applied 3rd harmonic for maximum gain was found to be 330 degrees lead. 

The optimum phase angle was then held fixed and the magnitude of the 
3rd harmonic current applied to the excitation winding was varied. Data for 
these control characteristics and the measured slopes are recorded in Table VI 
and plotted in Figure 10. The optimum magnitude of the applied 3rd harmonic 
current was found €o be 80 ma. for the excitation winding used. 

The sane procedure as given above was used to determine the optimum 
phase angle and current magnitude for the 5th harmonic (300 cycles). The 
data recorded in '"ables VII, VIII and IX and plotted in Figures 11 thru 14 for 
the 5th harmonic correspond respectively to Tables IV, V and VI and Figures 7 
:hru 10 "or the 3rd harmonic. The calculations for the magnitude of the ap- 
plied 5 ti ''armonic excitation current are — 
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i.s before, a lesser value, 30 ma. was used for the preliminary curves. The 
optimum values of current magnitude and phase angle for the applied 5th 
harmonic current were found to be 40 ma. at 5 degrees lead. 

Data for the control characteristics for the lifLl range of load cur- 
rent for an excitation current of zero, and the optimum applied 3rd and 5th 
harmonics are recorded in Ttfule X. Figure 15 shows a plot of the control 
characteristics for the above values of applied excitation current. These 
slopes were measured and compared, ns a magnetic amplifier is fundamentally' 
a powur amplifier, the gain would be A ~ ) (5) where A is a con- 

stant which i ldudes the form factor of the load current and the ratio of 
the resistances in the load and control windings. Thus an indication of 
the gain is the” square of the 3lopc of the control characteristics. The 
gain, for thS, three cases above is tabulated in Table XI. When the op- 
inu. 3rd harmonic current is applied to the excitation winding the gain, ft 
is increased 0 , a factor of 3*90 and the gain for the optimum 5th by a factor 



of 1.75. 

cl- eck was maus wit’ a wave (harmonic) analyzer to show that the har- 
monic corr.ponsns of the magnetizing current we re actually supplanted by cur- 
rents in the excitation winding . The magnitude of the 3rd harmonic com- 
ponent in the rain ^rinding ;ras measured and found to be 9.2 ma. with no cur- 
rent flowing in t' e excitation winding. ’’ is value was reduced to 6.3 ma. 
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r 



wit' 



7 ra . o- Ilaj Cj cle (3rd harmonic) flowing in the excitation winding. 

The value of the 3rd iarmonic in t 1 e main winding reached a minimum of 

1.6 na. wit!- 172 ma. of lfO c. cle current flowing in the excitation wind- 

ing. .is the current in the excitation winding was increased above 172 iria. the 

3rd Iarmonic in the main winding increased correspondingly. 

The discrepancy 1 between the computed current, 144*5 ma. to apply to 

the excitation winding to supplant the 3rd harmonic in the main winding and 

the current applied, 172 ma. for ndnimun 3rd harmonic flowing in the main 

winding can be accounted for. The excitation winding in supplying the 3rd 

harmonic current for the main winding would necessarily have to supply any 

additional losses incurred by exciting its own winding. Boyajian and 

Jardlle^ obtained similar results — 

If a core is excited from an a-c source and then a Idgher frequency 
excitation superimposed on it tl rough a separate winding of suitable 
design, maintaining the original excitation unchanged, it will be 
observed that the volt-a~pere input by the original (lower frequency) 
circuit is dimidshed b. the super position, although the total losses 
in the core may be considerably increased. 

As t v c current that is applied to the excitation winding is effective 
in reducing only a portion of the harmonic of the main winding, it may be 
reasoned tha > tlTo slope of t! c control characteristic would be even greater 
if ail of the harmonic in the main ’winding were eliminated. This would be 
e* peeled were it not -for the agitation effect at high magnitudes of auper- 
po ed excitation current in reducing the slope of the control characteristic 
as noted in Jhaptcr II. At hig 1 er magnitudes of superposed excitation cur- 
rent the agitation effect in all probability overshadows an; beneficial ef- 
"eCv as a result o” the excitation winding supplanting the harmonics. 



CHAPTER IV 



SUHIIARY OF FINDINGS 

The amplification of a magnetic amplifier was slightly increased by 
the agitation effects of a superposed higher frequency. The greatest im- 
provement in amplification was obtained by supplanting the harmonic com- 
ponents of the magnetising current in the main winding. The amplifica- 
tion vzas increased by a factor of 3«00 by the proper application of the 
3rd harmonic to an additional winding and by a factor of 1.75 by the 
proper application of the 5th harmonic to this winding. 
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TABLE I 



Specifications of Magnetic Amplifier 



Manufacturer 
Designation 
Power Output, I Ac:. 
Load 

Rated Current 
Supplp Voltage 
Frequency 



Vickers 
Bulletin 2001 
40 watts 

7 ohms 

1.5? amps. 

40 volts 

60 cycles 



Turns 



Tax. Current 



. ain Winding 


550 


Control Windings 




A 


10 


J 


35 


n 


100 



Potted Weight 



1.58 amps. 



1 . 6 amps 
.40 amps 
.15 amps 

3.7 pounds 
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